Objective: Reactive oxygen species (ROS) are involved in a variety of biological phenomena and serve both deleterious and beneficial roles. ROS quantification and assessment of reaction networks are desirable but difficult because of their short half-life and high reactivity. Here, we describe a pro-oxidative model in a single human lung carcinoma SPC-A-1 cell that was created by application of extracellular H 2 O 2 stimuli. Methods: Modified microfluidics and imaging techniques were used to determine O 2
Introduction
Reactive oxygen species (ROS) are chemically reactive molecules that are constantly generated and eliminated during diverse biological and cellular reactions (Thannickal and Fanburg, 2000) . ROS play crucial roles in gene activation, cellular growth, and modulation of biochemical reactions (Liochev, 2013; Köhler et al., 2014) . They may also function as secondary messengers in pathways, such as the Akt and mitochondria-mediated apoptosis pathways, and in the regulation of cell cycle proteins to inhibit the cell proliferation pathway (Martindale and Holbrook, 2002; Hileman et al., 2004) . However, excessive ROS leakage from the mitochondria results in continuous and cumulative oxidative damage to cellular components that alter many cellular functions (Rhee, 2006; Yu et al., 2015) . Increasing evidence indicates that the intrinsic ROS level of cancer cells is higher than that of normal cells, partly due to carcinogenic stimulation, metabolic activity changes, and mitochondrial dysfunction. Increased ROS levels may stimulate cell proliferation, promote mutation and genetic instability, and alter cell sensitivity to anticancer drugs. (Pelicano et al., 2004; Qin et al., 2009 ). These complicated roles imply that intracellular ROS levels should be tightly regulated and that appropriate ROS levels are extremely important for maintaining vital cellular and biochemical functions (Blokhina and Fagerstedt, 2010; Tang et al., 2011) .
Therefore, ROS-related therapy should be designed carefully, taking into consideration their complicated roles and high reactivity. To this end, the quantitative and precise assessment of the dynamic reaction networks of ROS in live cells would be highly desirable (Labuschagne and Brenkman, 2013) . A microfluidic system was developed for the analysis of single biological cells, with functional integration of cell sampling, single cell loading, docking, lysing, and capillary electrophoretic (CE) separation with laser-induced fluorescence (LIF) detection in microfabricated channels of a single glass chip (Gao et al., 2004) . Microfluidic systems have become an attractive tool for the quantitative analysis of ROS in single cells, because their dimensions are comparable to those of single cells (Gao J et al., 2004; Gao N et al., 2007) . In addition, imaging techniques, such as confocal laser scanning microscopy (CLSM) and fluorescenceactivated cell sorting (FACS), are currently being developed for studying ROS dynamics in single cells. Studying ROS at the single-cell level will lead to a more precise determination of their behavior.
In this study, we constructed a pro-oxidative stress model within an individual SPC-A-1 tumor cell by application of exogenous H 2 O 2 stimuli. Modified microfluidics and imaging techniques were used to determine O 2
•− levels and to construct an O 2 •− reaction network. To elucidate the consequences of increased O 2
•− input, the mitochondria were given a central role in the oxidative stress mode by manipulating mitochondria-interrelated cytosolic Ca 2+ levels, mitochondrial Ca 2+ uptake, auto-amplification of intracellular ROS and the intrinsic apoptotic pathway.
Materials and methods

Materials
Hydroethidine (HE), dihydrorhodamine 123 (DHR123), naphthalene-2,3-dicarboxaldehyde (NDA), and fluo-3/AM and Rhod-2/AM were obtained from Molecular Probes (Eugene, OR, USA); 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), trypan blue, H 2 O 2 , ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA-AM), thapsigargin (TG), and carbobenzoxy-valylalanyl-aspartyl-[O-methyl]-fluoromethylketone (z-VADfmk) were purchased from Sigma (St. Louis, MO, USA). Cleaved poly ADP-ribose polymerase (PARP), cytochrome c, B-cell lymphoma-2 (Bcl-2), Bcl-xL, Bax, Bak, and β-actin antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). All other chemicals were of the highest purity available.
The SPC-A-1 lung adenocarcinoma cell line was available in our institute and was routinely cultured in RPMI-1640 medium (Gibco, Grand Island, NY, USA) supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco), 100 U/mL penicillin, and 100 U/mL streptomycin, in a humidified cell incubator at 37 °C with an atmosphere of 5% CO 2 .
Construction of an oxidative stress model
The SPC-A-1 cells were washed and incubated in 1 mmol/L H 2 O 2 for 10 min. After three washes, 10 μmol/L HE (special probe for O 2
•− ) (Lyublinskaya et al., 2014) was added for 20 min in the dark. Cells were washed, lysed, and resuspended in phosphatebuffered saline (PBS) for further measurements. Other cellular ROS (e.g. H 2 O 2 and oxidative nitrogen species (ONS)) and glutathione (GSH) were also measured as above, except that the cells were simultaneously probed with 10 μmol/L DHR123 and 500 μmol/L NDA. These three non-fluorescent probes can easily penetrate the cell membrane, and are converted into fluorescent resultants (OH-E, rhodamine 123 (Rh123), and NDA-GSH, respectively) that are non-permeant after reactions with their respective substrates (O 2
•− , ROS, or GSH).
For fluorescence measurements in a single SPC-A-1 cell, a microchip was fabricated following the procedures described by Sun and Yin (2006) , except that three channels were deepened: the tapered channel under a weir was 8 μm deep, and the sampling and separation channels were 37 and 15 μm deep, respectively. The cell suspension (100 μL; 1×10 5 cells/mL) was added to the microchip and electropherograms recorded fluorescence intensity. To quantify the fluorescent resultants in the SPC-A-1 cell, different concentrations of the OH-E (Zhao et al., 2003) , Rh123 (Sun et al., 2005) , and NDA-GSH (Gao et al., 2004) standards were prepared, and fluorescent electropherograms were recorded in the microchip.
Cell viability assay
Cell viability was measured using the MTT assay (Pan et al., 2015) . Briefly, exponentially growing SPC-A-1 cells were seeded in 96-well plates. After incubating with H 2 O 2 at various concentrations for the indicated time, cells were incubated with MTT for 4 h at 37 °C. Formazan precipitate was dissolved in 150 μL dimethyl sulfoxide (DMSO), and absorbance was measured at 490 nm using a Multiskan MK3 microplate reader (Thermo Fisher Scientific, Waltham, MA, USA).
Cell viability was also assessed using a trypan blue exclusion assay. Briefly, SPC-A-1 cells were cultured in 24-well plates, and then exposed to H 2 O 2 at various concentrations for the indicated time. Trypan blue was added to the medium, and the percentage of viable cells was determined using a hemocytometer to count the number of cells that excluded the dye.
Cell death analysis
Apoptosis and necrosis were assessed by flow cytometry using annexin V-fluorescein isothiocyanate (V-FITC) 
Cellular Ca 2+ signal transfer
Prepared SPC-A-1 cells on glass coverslips were simultaneously loaded with Fluo-3/AM (a cytosolic Ca 2+ -sensitive fluorescent probe) and Rhod-2/AM (a mitochondrial Ca 2+ -sensitive fluorescent probe). Coverslips were removed and attached to a coverslip clamp chamber filled with Hank's buffer. After 60 s of basal image acquisition by CLSM, H 2 O 2 was perfused into the chamber, and fluorescence images were analyzed. The final concentration of H 2 O 2 was 1 mmol/L. In the D-Hank's group, probe-loaded cells were attached to the coverslip clamp chamber filled with D-Hank's buffer to remove extracellular Ca 2+ . In the TG group, cells were pretreated with 2 μmol/L TG for 30 min to deplete Ca 2+ stores in the endoplasmic reticulum (ER). In the EGTA-AM group, cells were pretreated with EGTA-AM using the above method to chelate free cytosolic Ca 2+ .
ROS dynamic measurement
For dynamic measurements of O 2 •− and H 2 O 2 / ONS in a single cell undergoing extracellular H 2 O 2 stimulation, the prepared SPC-A-1 cells on glass coverslips were loaded with dual probes (dihydroethidium (DHE), DHR123). Coverslips were removed and attached to the coverslip clamp chamber filled with Hank's buffer. After 60 s of basal image acquisition by CLSM, H 2 O 2 was perfused into the chamber, and fluorescence images were analyzed.
The final concentration of H 2 O 2 was 1 mmol/L. In the EGTA-AM group (depleted of free cytosolic Ca 2+ ), probe-loaded cells were pretreated with 25 μmol/L EGTA-AM for 30 min. After three washes, cells were attached to the coverslip clamp chamber, followed by H 2 O 2 application.
Caspase assays
The activity of caspase-3, -8, and -9 was measured using a colorimetric assay kit (Beyotime Institute of Biotechnology, Nanjing, China) according to the manufacturer's instructions. Briefly, cell lysates from 1×10 6 cells were incubated at 37 °C for 2 h with 200 μmol/L Ac-DEVD-pNA (caspase-3 substrate), Ac-IETD-pNA (caspase-8 substrate), or Ac-LEHD-pNA (caspase-9 substrate). Samples were read at 405 nm in a Multiskan MK3 microplate reader. In the caspase inhibitor assay, cells were treated with 0-500 μmol/L H 2 O 2 for 6 h, with or without 100 μmol/L z-VAD-fmk pretreatment for 2 h.
Western blot analysis
Treated cells were collected, washed in PBS, and then lysed on ice with lysis buffer. Cytosolic fractions were prepared as previously described . The protein concentration of each extract was determined by the Bradford assay. About 30 μg protein was separated by electrophoresis on 10% to 15% standard sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred to nitrocellulose blotting membranes. Following incubation with the proper primary and secondary antibodies, proteins were visualized by chemiluminescence detection.
Statistical analysis
Data are presented as the mean±standard deviation (SD). Statistical analyses were carried out by one-way analysis of variance (ANOVA) followed by Tukey's post-hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
Construction of an oxidative stress model
The SPC-A-1 cells were treated with 1 mmol/L H 2 O 2 for 10 min, followed by loading of the cells with the fluorescent probes (probes: HE, DHR123, or NDA). Relative fluorescence intensity was determined using a microfluidic chip. A typical electropherogram of OH-E in a PBS-treated SPC-A-1 cell is shown in Fig. 1a , and that of a H 2 O 2 -treated cell in Fig. 1b. Figs. 1c and 1d show the electropherograms of Rh123 and NDA-GSH in a PBS-treated cell and H 2 O 2 -treated cell, respectively. According to statistical analysis of the results from ten consecutive cells, the mean fluorescence intensities of OH-E, Rh123, and NDA-GSH in the oxidative stress model (H 2 O 2 -treated group) were (161.0±41.2), (74.4±18.5), and (9.0±2.6) mV·s, respectively. In the control model (PBS-treated group), the corresponding values were (20.6±6.2), (17.7±4.5), and (27.0±6.7) mV·s, respectively.
The standard curves of the three fluorescent substances are shown in Fig. 1e . Quantitative analysis showed that (84.6±25.2) amol HE, (23.2±6.0) amol DHR123, and (61.7±16.4) amol NDA were consumed by an H 2 O 2 -treated cell in 20 min. In the PBS-treated control group, the corresponding values were (5.7±1.3), (5.1±1.3), and (168.2±41.7) amol, respectively (Fig. 1f) . We defined the value of consumed DHR123 as the cellular oxidizing power, and the value of consumed NDA as the reducing power in order to evaluate the cellular redox state. A cellular redox coordinate system was then constructed using oxidizing power as the x axis and reducing power as the y axis. Cells from the oxidative stress model showed a distinct distribution (Fig. 1g , black dots) compared to cells from the control model (Fig. 1g,  triangles) . Cells from the model were localized mainly in the bottom right area, while the control cells were localized mainly in the top left area. These results indicated that the oxidative stress model had been successfully constructed.
H 2 O 2 -induced apoptosis in SPC-A-1 cells
Cell viability was determined using an MTT assay. H 2 O 2 inhibited the growth of SPC-A-1 cells in a distinct dose-and time-dependent manner. Fifty percent inhibitory concentrations (IC 50 ) were (512.4±19.2), (282.7±14.7), (172.5±11.8), and (91.9±5.6) μmol/L after incubation for 1, 3, 6, and 12 h, respectively (Fig. 2a) . Trypan blue exclusion assays revealed that treatment with H 2 O 2 caused a significant increase in cell death (Fig. 2b) . These results were consistent with those from the MTT assay.
In the TUNEL assay, flow-cytometric analysis showed that H 2 O 2 treatment of SPC-A-1 cells caused a dose-and time-dependent increase in the percentage of apoptotic cells (TUNEL-positive cells). Compared to the controls, cells treated with 200 μmol/L H 2 O 2 for 6 h had a distinct increase in the percentage of apoptotic cells from 1.41% to 44.37% (Figs. 2c and 2d) . Compared to the control, following treatment with 200 μmol/L H 2 O 2 , the percentage of early apoptotic cells (annexin V + /PI − ) increased from 1.37% to 38.76%, and the percentage of late apoptotic/necrotic cells (annexin V + /PI + ) increased from 1.52% to 16.49%. Further evidence for an increase in apoptosis was the distinct rise in the percentage of late apoptotic/ necrotic cells, which was apparent at a concentration of 500 μmol/L (Fig. 2e) . In addition, the genomic DNA of cells treated with 200 μmol/L H 2 O 2 for 6 h showed typical DNA fragment ladders (Fig. 2f) . These results demonstrated that apoptosis was the main cause of decreased cell viability in H 2 O 2 -treated cells. and mitochondrial Ca 2+ levels (Fig. 3a) Exposure to 1 mmol/L H 2 O 2 induced a marked increase in red fluorescence intensity (HE, red line, >6-fold) and green fluorescence intensity (DHR123, green line, Hank's control, >4-fold) (Fig. 3b) 
Mediation of H 2 O 2 -induced apoptosis through an intrinsic pathway
We examined the activity of caspase-3, -8, and -9 by colorimetric analysis. Although there was little increase in the activity of caspase-8, H 2 O 2 treatment increased the activity of caspase-9 and caspase-3 in a dose-dependent manner compared to PBS-treated cells (Fig. 4a) . In addition, pretreatment of SPC-A-1 cells with 100 μmol/L z-VAD-fmk resulted in a significant inhibition of H 2 O 2 -induced apoptosis (Fig. 4b) , indicating that the decreased cell viability in H 2 O 2 -treated cells is dependent upon caspases. Incubation of SPC-A-1 cells with H 2 O 2 resulted in the appearance of the 85-kDa PARP cleavage product in a dose-dependent manner (Fig. 4c) . Caspase activity and PARP cleavage are intracellular indicators of activation of the apoptotic machinery. Together, these data demonstrate that H 2 O 2 induces cytotoxicity of SPC-A-1 cells through an apoptotic mechanism, dependent upon caspase activation.
These results indicate that H 2 O 2 -induced apoptosis was most likely to occur through intrinsic pathways. To further determine the mitochondrial involvement in H 2 O 2 -mediated apoptotic cell death, we examined the release of mitochondrial cytochrome c from mitochondria into the cytoplasm. Western blot analysis showed that the relative content of cytochrome c in the cytosol treated with H 2 O 2 In the EGTA-AM control group, cells were pretreated with EGTA-AM to remove free cytosolic Ca 2+ (Note: for interpretation of the references to color in this figure legend, the reader is referred to the web version of this article) increased significantly in a dose-dependent manner (Fig. 4d) .
To confirm whether the apoptosis of SPC-A-1 cells induced by H 2 O 2 is related to pro-apoptotic and anti-apoptotic regulatory proteins, we analyzed the expression of Bcl-2 family members and inhibitors of apoptotic proteins by western blotting. H 2 O 2 downregulated the expression of Bcl-2 and Bcl-xL (antiapoptotic regulatory proteins) and enhanced the expression of Bax and Bak (pro-apoptotic regulatory proteins) in a dose-dependent manner (Fig. 4e ). These observations indicate that H 2 O 2 -induced apoptosis in SPC-A-1 cells is mediated through an intrinsic pathway.
Discussion
An estimation of intracellular ROS production in an individual and intact tumor cell would be highly desirable, but remains a challenge. The relatively high reproducibility, low detection limits of microchips, and subsequent dynamic semi-quantified verification contributed to the reliability of the current single-cell study. We found, for the first time, that an SPC-A-1 tumor cell could generally consume about 5.7 amol HE in 20 min.
It is estimated that 1%-2% of the electron flow in the mitochondria normally leaks from the electron transport chain to form O 2
•− . The most important •− is dismutation and the formation of other ROS (H 2 O 2 and ONS). Other ROS can be eliminated through GSH reduction (Maltepe and Saugstad, 2009; von Montfort et al., 2012) . These reactions showed the origin and main fate of O 2
•− . As the output of O 2
•− was evaluated in the above discussions, we further evaluated other ROS and GSH. As lower specialties of DHR123 and NDA, we did not estimate the precise outputs or inputs; here we just defined the values of consumed DHR123 and NDA as the cellular oxidizing power and cellular reducing power, respectively. A typical SPC-A-1 cell exhibits 5 amol oxidizing power and 168 amol reducing power (Fig. 1g) 
•− burst (>27 vs. >406 amol) led to a significant increase in cellular oxidizing power (5 vs. 23 amol). Subsequently, the increased oxidizing power consumed limited GSH (168 vs. 62 amol) in the cellular environment. In all, oxidizing and reducing powers interacted with each other, as shown by the two distinctive dot distributions in Fig. 1g .
The relationship between Ca 2+ and oxidative stress has been extensively studied. It has been reported that the synthesis of calcium-activated reductive substrates (NADH) and the acceleration of electron transfer chain increase ROS production (Voronina et al., 2002; Spät and Pitter, 2004; CamelloAlmaraz et al., 2006) . Conversely, high ROS levels facilitate Ca 2+ accumulation by promoting release from internal stores and damaging Ca 2+ scavenging systems (Feng et al., 2000) . Ca 2+ /ROS positive feedback has been confirmed in previous studies (Singh et al., 2005; Tonks, 2005) . As a consequence of Ca 2+ uptake, mitochondria can suffer Ca 2+ overload, triggering the opening of the permeability transition pore (PTP), which is associated with apoptosis via the mitochondrial pathway or necrosis due to mitochondrial damage (Moreau et al., 2006; Akopova, 2008) . Although oxidative stress is usually associated with cellular Ca 2+ signals (Mota et al., 2015; Orrenius et al., 2015) , a precise Ca 2+ signaling transfer pathway is relatively obscure. In our oxidative stress model, oxidative stress stimuli led to rapid and significant increases in free cytosolic Ca 2+ , which were largely abolished by depletion of ER Ca 2+ , strongly suggesting that the ER Ca 2+ store was the primary source of increased free Ca 2+ . It seems that the origin of cytosolic Ca 2+ bursts under oxidative-pathological conditions (ER) differs from that under oxidativephysiological conditions (extracellular circumstance) (Yuana et al., 2013 . The overload might also be attributable to the channels that directly connect the ER to mitochondria (de Marchi et al., 2014; Giorgi et al., 2015) . Ca 2+ /ROS positive feedback has been proven in previous studies (Singh et al., 2005; Bogeski et al., 2011) . We considered that the mitochondria may be the main origin of ROS bursts in the current model (but not H 2 O 2 , after permeating the cell membrane) for the following reasons. Firstly, O 2
•− levels increased significantly during oxidative stimuli. As a progenitor of other ROS (involving H 2 O 2 ), it is impossible to produce O 2
•− by direct conversion of exogenous H 2 O 2 . O 2
•− can be produced only through mitochondrial electron leakage. Secondly, increased O 2
•− and H 2 O 2 fluorescence was localized mostly in the mitochondria (Fig. 3a) . However, when exogenous H 2 O 2 was increased to 50 mmol/L (this stimulus was believed to be considerably destructive to the cell membrane), H 2 O 2 fluorescence was quite uniformly distributed in the cytoplasm. In this case, exogenous H 2 O 2 destroyed and permeated the cell membrane, contributing much to the increased cellular H 2 O 2 levels. These observations indicate that H 2 O 2 -induced ROS bursts were derived from the mitochondria. As noted by Rhee (2006) , cell membranes are poorly permeable to H 2 O 2 .
In the oxidative model, Bax and Bak were markedly up-regulated whereas Bcl-2 and Bcl-xL were down-regulated. This led to the subsequent release of cytochrome c from the mitochondria. The increase in the activity of caspase-9 in H 2 O 2 -treated SPC-A-1 cells also indicated that H 2 O 2 -induced apoptosis was most likely to occur through the mitochondrial pathway. Caspase-3 is required for DNA fragmentation and morphological alterations associated with apoptosis (Solier and Pommier, 2011) . In our oxidative model, we observed that the release of cytochrome c from the mitochondria resulted in an increase in the activity of caspase-9 in H 2 O 2 -treated SPC-A-1 cells, subsequently leading to an increase in caspase-3 activity.
In conclusion, our research has shown that 1 mmol/L H 2 O 2 induces a rapid increase in cellular O 2
•− levels (>27 vs. >406 amol, in 20 min), leading to increased cellular oxidizing power and decreased reducing power. In addition, our results clearly demonstrate that increased oxidative stress modulates the dynamics of Ca 2+ release, allowing for an explosive efflux of cytosolic Ca 2+ from internal stores (ER), and concomitant mitochondrial Ca 2+ uptake. The mitochondria appear to have a central role in determining how exogenous oxidative stress affects cell fate. The mechanism involves endogenous ROS auto-amplification, regulation of pro-apoptotic and anti-apoptotic proteins, cytochrome c release, and increases in caspase activity.
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